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BOUT Simulations of Resistive Ballooning Turbulence

in Edge Region for DIII-D Shot #119919

« Simulations of electrostatic resistive ballooning in Particle flux [1/m?s]
DIII-D shot #119919, with full geometry and AN
magnetic shear, crossing the separatrix '
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* Nonlinear BOUT equations for ion density,
vorticity, electron and ion velocities, Ohm’s law,
and Maxwell’s equations.
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 |In earlier work, we have suppressed a spatial € |
odd-even mode ballooning along the field line by ™ |
either filtering with V2 or -V * diffusive operator
added to right side of vorticity and ion density
eqns, or with use of a staggered mesh for v,
representation. Parallel damping included here;
no odd-even mode seen.
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- Simulation results with/without T_ fluctuations

#119919

« BOUT obtains steady-state turbulence with . | | aug2011_2¢ i
fluctuation amplitudes and transport that A P S |
compare reasonably to the DIII-D data. R [m]
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BOUT Simulation of Resistive Ballooning
Turbulence for DIII-D Shot #119919 - Outline

« BOUT algorithmic issues -- control of an odd-even numerical
contamination

» Electromagnetic simulations of resistive ballooning turbulence in
single-null DIlI-D geometry:

Case #1: No T, fluctuations
Case #2: With T, fluctuations

Case #3: With T, fluctuations and electron parallel thermal
conduction

Case #4: With T, fluctuations, electron parallel thermal
conduction, and Vv, =b,- V+b- V in the vorticity eqn.

e Comparison to probe data for DIII-D shot #119919. Shot #119919 is a
well-characterized L-mode shot exhibiting steady-state turbulence.
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BOUTO6 produces expected ballooning-like turbulence
in full DII-D X-point geometry

« BOUT solves Braginskii-like fluid equations for fluid turbulence in various

geometries Distribution of <3N;>
in saturated turbulence
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Electromagnetic with V, =b," V
Finite-difference equations 4119915 |
Implicit time integration with PVODE ' L 2pezotiee
Quasi-ballooning with zero-gradient radial bdry conditions
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Resistive Ballooning Simulations with BOUT -- Odd-even Numerical Mode
Can Be Controlled with Normalized Diffusive Damping in Poloidal Angle

« Control the odd-even mode with  g/9t =d/0t+v*(k,)  in the vorticity and ion
density eqns with diffusion operator in poloidal angle and normalized coeft.:

v*(k9)=A£{ (A0/2)’D2(A012)' D }e%{sin(kgm/2)2,sin(k9A9/2)4}

« Damping of the odd-even mode is proportional to normalized coefficient C
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Case #1: BOUTO06 produces expected ballooning-like
turbulence in full DIII-D X-point geometry

» Consider the following simplified equation set in the BOUTO06 framework:

JN, 2c , Distribution of <dN;>
ot B by x k¢ (VF, =NeVp)+V,(ji/e) =NViVii " in saturated turbulence
RMS <N> [1/m3]

J A7V> PR L
—w+V *Vw =2w,b,xk*VP + N.Ze nAV”]” ' BOUT
c _

ot

% 1
__ e E” _—(];V”Ni)+0.51'veij”
ot m Nm

av,. 1
—L 4V, eVV. =——V,P
or NM.
E=-1£A,-V¢, -V/A =], B=VxA, +B,

@ =V (eZNN$)=eZNN’¢ V,=b, V

Electromagnetic with v,=b, v
Actual DIlI-D geometry

DIII-D - like fixed background profiles 4115515
for shot 119919 - ~ aug20112c|
No T, fluctuations
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BOUT-06 produces saturated turbulence
for DIlI-D geometry with no T, fluctuations

 Evolution of density fluctuations leading to saturated amplitudes and spectra
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Time-averaged ion density fluctuations in the midplane
saturate at ~10% and peak near R,

RMS <N> [1/m3]
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Time-averaged ion particle diffusion coefficient
saturates at O(0.4) m?/s in the midplane and peaks near R,

Particle flux [1/m2s] ,
L e e e e T B Tor. Avg. Particle Flux vs R(Jd ius Time-averaged effective particle diffusion coeff [m?/s] Effective midplane particle diffusion coeff. [m¢/s]
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- No T, fluctuations

« In this model with no temperature fluctuations and if VYIn(7,,) =ViIn(n, ) then x,,,, = (3/2)D
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Case #2: Include Advection of Temperature T, in
BOUTO06 Equations for Resistive Ballooning

» Consider the following simplified equation set in the BOUTO06 framework:

JN, 2c .
I (eB)bO xK*(VP, -NeVe)+V,(j,/e) - NVnVnz RMS<Te> [eV]
I T T T T I T T T T

30

P 47V}
a_?”/ Vo =2w,b,xk*VP + NZe ”’*VuJu

v, 1
e __¢© E,-——(TV,N)+0.51v,j
ot m Nm

Vv,

. 1
?"’ Ve s VW= - P

Or)t eO_
E=-12A -V¢, -V/A, =%2j, B=VxA, +B,

c ot
w =V (eZNNVP)~eZNNV’¢p V, =b, V
Electromagnetic with v, =b,-V
Actual DIlI-D geometry [
DIII-D - like fixed background profiles R
for shot 119919 ool

Includes T, fluctuations
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BOUT-06 produces saturated turbulence
for DIlI-D geometry with T, fluctuations

 Evolution of density fluctuations leading to saturated amplitudes and spectra
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lon density and electron T, fluctuations in the midplane
saturate at ~1.5x104 sec

BOUT

RMS<Ni> [m—=3] @ midplane  RMS<Te> [eV] @ midplane
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Time-averaged ion density fluctuations in the midplane
saturate at ~15% relative amplitude and peak near R,
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Time-averaged T, fluctuations in the midplane
saturate at ~40-60% relative amplitude and peak near R,

RMS<Te> [eV]
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Time-averaged ion particle diffusion coefficient in
the midplane saturates at O(1) m?/s and peaks near R,

BOUT

Particle flux [1/m~2 s]
——
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Time-averaged electron thermal diffusion coefficient in
the midplane saturates at 1-5 m?#/s and peaks near R,

- Bout with T, fluctuations
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Note : Here heat flux (conductive) = N, <6V 67T, >, ., and x, =-N, <6V, 0T, >, , /INVT,,

tor,t? tor,t
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Case #3: Include Advection of T_,in BOUTO06 Equations for
Resistive Ballooning with Parallel Electron Thermal Conduction

» Consider the following simplified equation set in the BOUTO06 framework:
al (20 )bo xK*(VP,-NeVe)+V,(j,/e)-NVV,
ot eB

0’)w 4;7TV2 3.0 LN B B | IRMSI<Te|> |[e|y.|| T

A .
E“LV *Vw =2w,b,xk*VP + NZe—* . Vi . BOUT
% 1
e __ € E,-——(T.V,N)+0.51v_j,
ot m, Nme

A 1
— VE ¢ VVni = _—VIIP
ot Nl.Ml.

NI,

2
E Ve (K“eV”Y;), Kn =32—"+
ot 3N, m

e0 —
e

E=-1%A,-Vg, _VEAII =j., B=VxA, +B,
@ =V (eZNVp)=eZNNV’¢p V,=b,V

Electromagnetic with v, =b,- Vv _
Actual DIII-D geometry : Plioo1s ]
DIII-D - like fixed background profiles for shot ol v e SRR
#119919 R(m)

Includes T, fluctuations & parallel heat conduction
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BOUT-06 produces saturated turbulence for DIII-D geometry
with T, fluctuations and electron parallel thermal conduction

 Evolution of density fluctuations leading to saturated amplitudes and spectra
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History of rms fluctuation amplitudes in midplane at separatrix
with electron parallel thermal conduction

BOUT
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- With T, fluctuations and electron parallel thermal conduction
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Time-averaged ion density fluctuations in the midplane
saturate at ~11% and peak near R,

RMS<Ni> [m=-3]
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Time-averaged T, fluctuations in the midplane
peak near the Ry, and saturate at ~18% relative amplitude
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- With T, fluctuations and electron parallel thermal conduction
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Time-averaged ion particle diffusion coefficient in the midplane
saturates at < 0.2 m#/s and peaks near R,

BOUT
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Time-averaged electron thermal diffusion coefficient
in the midplane saturates at ~0.1 m?#/s and peaks near R,

BOUT
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- With T, fluctuations and electron parallel thermal conduction
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Case #4: Include Advection of Temperature T_,in BOUTO06
Equations for Resistive Ballooning with Magnetic Flutter

» Consider the following simplified equation set in the BOUTO06 framework:
N, (ZC )bo xK* (VP ~NeV@)+ V. (j /&)~ NV,V,
ot eB

I
RMS<Te> [eV]

3.0 T T

J 4 V2
_w+V *Vo =2w,b,xk*VP + NZe——* d Vujn

ot
vV e 1 '
o= o, B, (V)O3
oV, 1
hi V,*VV, =———V,P
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I,

2 T
E°® Vi Ve (KueVnE)’ Kne =32 Foeoe
ot 3N, m

e

E=-:%A, -Vo, —VEA”=47”j”, B=VxA, +B,

c ot
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BOUT-06 produces saturated turbulence for DIII-D geometry
with 8T, parallel thermal conduction, and magnetic flutter

 Evolution of density fluctuations leading to saturated amplitudes and spectra
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- Saturation at ~1.5x10s

- With T, fluctuations, electron

parallel thermal conduction, and
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History of rms fluctuation amplitudes in midplane at separatrix
with electron parallel thermal conduction and magnetic flutter

RMS<Ni> [m—3] @ midplane RMS<Te> [eV] @ midplane
10'°F ' 102 ' ' ReR
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- With T, fluctuations, electron parallel thermal conduction, and V,=b, V+b-V
in vorticity equation
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Time-averaged ion density fluctuations in the midplane
saturate at ~10-15% and peak near R,

~RMS<Ni> [m=3]

RMS lon Density Fluct [m—23] RMS !(?n Dle'lqlslit‘yl .N.i./lN.i(.).

©
o

RMS<Ni> /NiO
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- With T, fluctuations, electron parallel thermal conduction, and V,=b,V+b-V
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Time-averaged T, fluctuations in the midplane
peak near the Ry, and saturate at ~25-40% relative amplitude

RMS<Te> [eV]
T T T T l T T T T l T
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- With T, fluctuations, electron parallel thermal conduction, and V,=b,V+b-V
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Time-averaged ion particle diffusion coefficient
in the midplane saturates at < 0.3-0.4 m4/s

Particle flux [1/m~2 s]
R L S S
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- With T, fluctuations, electron parallel thermal conduction, and V,=b, V+b-V
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Time-averaged electron thermal diffusion coefficient
in the midplane saturates at ~0.5 m?/s

BOUT
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- With T, fluctuations, electron parallel thermal conduction, and V,=b, V+b-V
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Langmuir Probe Data for DIII-D #119919 (J. Boedo)

Electron density and radial particle flux vs. radius -- relative density
fluctuations exceed ~20%

Electron Den5|ty [m- 3] VS. Posmon [cm] Radial Particle Flux vs. Radius
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Typical experimental rms density fluctuations at the separatrix are 24-50%
There is evidence that 6n and the radial flux in the midplane peak near Ry, as in BOUT results.
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Langmuir Probe Data for DIII-D #119919 (J. Boedo)

Electron Temp [eV] vs. Posmon [cm] Relative Electron Temp Flucttn Vs Posutlon [em]
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Electron temperature fluctuations in midplane exceed 10%
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Typical experimental rms 6T, fluctuations at the separatrix are 10-25%
0T, and the probe fluxes in the midplane usually peak near the separatrix as in BOUT results.
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Summary: As the physics model becomes more complete, the
agreement of BOUT results with DIII-D probe data improves

« BOUT algorithmic issues -- control of an odd-even numerical contamination
allows us to perform DIII-D simulations

« Comparison of suite of BOUT simulations to shot #119919: peak values in
midplane at saturation near R,

<dN.>

i~ rms

<dT_> Radial Radial Heat Flux

2
o> rms Xe(M?/s), local

Bout D, (m?/s)

simulation

(1 08 m-3)

(eV)

Particle Flux
(1029/m?2 s)

local

=3N, <&V, 0T, >
(103 J/m? s)

(conductive)

#1: 8T,=0

0.95

N/A

1.8

0.4

N/A

N/A

#2: 8T =0
K”e=0

#3: 6T =0
KH6¢O

#4: 5T =0

DII-D
#119919

probe data

~0.15-0.2 t

~0.4 1

T Typical, flux-surface-averaged values for L-mode discharges in DIII-D inferred from UEDGE
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